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Abstract

Thyrotropin or thyroid-stimulating hormone (TSH) secretion in the chicken is controlled by several hypothalamic hormones. It is

stimulated by thyrotropin-releasing hormone (TRH) and corticotropin-releasing hormone (CRH), whereas somatostatin (SRIH)

exerts an inhibitory effect. In order to determine the mechanism by which these hypothalamic hormones modulate chicken TSH

release, we examined the cellular localization of TRH receptors (TRH-R), CRH receptors type 1 (CRH-R1) and somatostatin

subtype 2 receptors (SSTR2) in the chicken pars distalis by in situ hybridization (ISH), combined with immunological staining of

thyrotropes. We show that thyrotropes express TRH-Rs and SSTR2s, allowing a direct action of TRH and SRIH at the level of the

thyrotropes. CRH-R1 expression is virtually confined to corticotropes, suggesting that CRH-induced adrenocorticotropin release is

the result of a direct stimulation of corticotropes, whereas CRH-stimulated TSH release is not directly mediated by the known

chicken CRH-R1. Possibly CRH-induced TSH secretion is mediated by a yet unknown type of CRH-R in the chicken.

Alternatively, a pro-opiomelanocortin (POMC)-derived peptide, secreted by the corticotropes following CRH stimulation, could act

as an activator of TSH secretion in a paracrine way.
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1. Introduction

The secretion of thyrotropin or thyroid-stimulating

hormone (TSH) in birds is controlled by several

hypothalamic hormones. In chicken embryos and grow-

ing chicks, injection of the hypothalamic tripeptide

thyrotropin-releasing hormone (TRH) increases plasma

concentrations of thyroxine (T4), consistent with the

view that TRH stimulates TSH release (Kühn et al.,

1993). However, due to the lack of a high-affinity

homologous antibody, it is not possible to directly

measure chicken TSH release. A fair estimate of the

TSH secretion can be obtained by a bioassay (Breneman

and Rathkamp, 1973; Bolton et al., 1974) or by the

radioimmunological measurement of the common sub-

unit of TSH, luteinizing hormone (LH) and follicle-

stimulating hormone (FSH), followed by subtraction of

gonadotropin levels (Berghman et al., 1993). Both

methods subscribe to a TSH-releasing activity of TRH

in the chicken.
Corticotropin-releasing hormone (CRH) is also

known to be a very potent stimulator of TSH release

in embryonic, growing and adult chickens (Geris et al.,

in pressa). Ovine CRH injections increase circulating T4
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and 3,5,3?-triiodothyronine (T3) in chick embryos

(Meeuwis et al., 1989). The proposed TSH-mediated

effect of CRH on thyroid function was confirmed by

Geris et al. (1995, 1996, 1999) who showed that CRH
causes a rapid elevation in TSH levels. Since CRH and

TRH are able to release TSH from chicken pituitaries in

vivo and in vitro, they both act at the level of the

pituitary.

Besides the stimulatory effects of TRH and CRH on

TSH secretion, the release of this hormone is inhibited

by somatostatin (SRIH). Plasma T4 concentrations

increase markedly after SRIH immunoneutralization
(Lam et al., 1986a) and accordingly, SRIH administra-

tion rapidly lowers plasma concentrations of T4 in

immature chickens (Lam et al., 1986b). The magnitude

and rapidity of the thyroidal response suggested that

SRIH exerts a strong, tonic inhibition on the secretion

and peripheral metabolism of T4 in the chicken, rather

than inhibiting the hypothalamic�/pituitary axis. How-

ever, SRIH is known to have inhibitory effects on TRH-
induced growth hormone (GH) secretion by chicken

pituitaries in vitro (Hall and Chadwick, 1976; Harvey et

al., 1978) and unpublished results from our laboratory

suggest a comparable effect on TRH- and CRH-induced

TSH release as well.

Although all these hypothalamic hormones are active

at the level of the pituitary, it is not known whether they

exert their function directly on the thyrotropes (TSH-
producing cells) or indirectly, in a paracrine way, via

another pituitary cell type. Until now, TRH and SRIH

receptor expression in the chicken pituitary was only

investigated by autoradiography without specific cellu-

lar localization or distinction between receptor subtypes.

Nothing is known about CRH receptor expression in

the chicken pituitary. It remains therefore to be clarified

whether chicken thyrotropes express TRH receptors
(TRH-R), CRH receptors (CRH-R) and/or somatosta-

tin receptors (SSTR).

Recently, the cDNA sequence of both chicken TRH-

R and CRH-R1 was elucidated. The cDNA for TRH-R

was found to be highly homologous and pharmacologi-

cally indistinguishable from the previously cloned re-

ceptors from mouse, rat and human (Sun et al., 1998). A

cDNA encoding a functional chicken brain CRH-R is
homologous to the type 1 mammalian CRH-R, but its

ligand binding and signal properties are similar to those

of the type 2 mammalian CRH-R (Yu et al., 1996). In

mice and rats, CRH-R1 is the only known CRH-R type

expressed in the pituitary (Van Pett et al., 2000),

although the pars distalis of some mammals also

expresses CRH-R2 (Sánchez et al., 1999). A partial

cDNA for the chicken somatostatin subtype 2 receptor
(SSTR2) was isolated by Bossis and Porter (2001). In

mammals, the effects of SRIH are mediated through five

distinct receptors, termed SSTR1 to SSTR5 (Reisine and

Bell, 1995). Experiments conducted with mammalian

SSTR subtype-specific nonpeptidyl agonists indicate

that SSTR2 and possibly also SSTR5 are the main

mediators of the effects of SRIH on TSH and GH

secretion in chickens (Bossis and Porter, 2001; Geris et
al., in pressb) as well as in mammals (Shimon et al.,

1997; Parmar et al., 1999). Relatively high levels of

SSTR2 mRNA were found in the chicken anterior

pituitary (Bossis and Porter, 2001) and the inhibitory

actions of SRIH on TSH secretion are believed to be at

least partially mediated through SSTR2s (Geris et al., in

pressb). The cloning of all these cDNAs has provided us

with useful tools to examine receptor mRNA expression
in the chicken anterior pituitary. Using a combination of

in situ hybridization (ISH) and immunocytochemical

staining, we investigated whether chicken thyrotropes

express TRH-Rs, CRH-R1s and SSTR2s to determine

in which way the respective hypothalamic factors TRH,

CRH and SRIH influence TSH release.

2. Materials and methods

2.1. Animals and tissue processing

Studies were performed on male and female 10-day-

old (n�/6�/8) or 6-week-old (n�/6�/7) Cobb broiler

chickens. Both sexes were equally distributed over all

experiments. Animals were killed by decapitation, and

pituitaries were removed and kept in 4% paraformalde-
hyde in PBS (pH 7.4) at 4 8C. After 24 h, tissues were

cryoprotected overnight at 4 8C in the same solution

containing 30% sucrose and subsequently stored at �/

80 8C until sectioning. Twenty-micrometer sections were

cut with a cryostat. Sections were kept at �/80 8C in a

cryoprotectant solution containing 30% (v/v) ethylene

glycol and 30% (v/v) glycerol in 0.1 M phosphate buffer.

2.2. In situ hybridization

Riboprobes were transcribed from 1 mg of linearized

plasmids containing a cDNA insert of TRH-R (Sun et

al., 1998), CRH-R1 (Yu et al., 1996) or SSTR2 (Bossis

and Porter, 2001) in the presence of 50 mCi [35S]-UTP

(Perkin�/Elmer) and 20 U RNA polymerase (SP6 for

antisense and T7 for sense probes) (Roche Diagnostics).
Free floating pituitary sections were treated at room

temperature with 0.5% Triton X-100 in PBS (10 min),

deproteinized with 0.2 N HCl (10 min), acetylated with

0.25% acetic anhydride in 0.1 M triethanolamine buffer

(pH 8.0) (10 min), post-fixed in 4% paraformaldehyde at

4 8C and washed in PBS. Prehybridization was per-

formed at 55 8C for 3 h in a mixture of 50% formalde-

hyde, 10% dextran sulfate, 5�/ Denhardt’s solution
(0.1% BSA, 0.1% Ficoll 400 and 0.1% polyvinylpyrro-

lidone), 0.62 M NaCl, 50 mM DTT, 0.01 M EDTA, 0.02

M piperazine-1,4-bis(2-ethanesulfonic acid) disodium
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salt (pH 6.8), 0.2% sodium dodecyl sulfate, 250 mg/ml

herring sperm DNA and 250 mg/ml yeast tRNA.

Hybridization was performed in 0.5 ml of this solution

overnight at 55 8C, with 107 counts/min of the [35S]-
labelled riboprobes. Excess probe was washed away with

2�/ SSC containing 10 mM b-mercaptoethanol at room

temperature for 30 min, followed by incubation with 4

mg/ml RNase A in 0.5 M NaCl, 0.05 M EDTA and 0.05

M Tris�/HCl (pH 7.5) at 37 8C for 45 min (1�/ SSC is

0.15 M NaCl and 0.015 M sodium citrate). Stringency

washes were performed in 0.5�/ SSC, 50% formamide

and 10 mM b-mercaptoethanol at 55 8C for 2 h, and
then in 0.1�/ SSC plus 10 mM b-mercaptoethanol at

68 8C for 30 min.

2.3. Immunocytochemistry (ICC)

To identify the cell types expressing the receptor

mRNAs, ISH was combined with an immunocytochem-

ical staining. After hybridization and washes, the
floating sections were incubated with a primary anti-

body overnight at 4 8C. To identify thyrotropes, we used

a 1:4000 dilution of anti-Tb3550, a polyclonal antiserum

raised by injecting rabbits with a synthetic peptide

corresponding to residues 35�/50 of the b-subunit of

chicken TSH (Iwasawa et al., 2002). Corticotropes and

somatotropes were stained using a monoclonal antibody

(1:2000) against N -terminal chicken pro-opiomelano-
cortin (POMC; Berghman et al., 1998) and a mono-

clonal antibody against chicken GH (Berghman et al.,

1988), respectively. The high hormone specificity of

these antibodies was confirmed in the original papers.

Detection was performed by the use of a biotin-coupled

goat anti-rabbit or goat anti-mouse IgG (1:200, 1 h,

4 8C) (Dako), peroxidase-conjugated streptavidin

(1:400, 30 min, 4 8C) (Dako) and 3,3?-diaminobenzidine
(Sigma) and hydrogen peroxide as colour substrates.

Finally, sections were mounted on coated slides, air-

dried, dipped in Hypercoat LM-1 photographic emul-

sion (Amersham) and exposed for 3 weeks at 4 8C. Slides

were developed with D19 (Kodak), fixed, dehydrated

and coverslipped.

2.4. Quantification and statistical analysis

Slides were analyzed using a Leitz DM RBE micro-

scope equipped with a colour video camera (Optronics

Engineering, Goleta, CA) and attached to a computer-

aided image analysis system (Bioquant, R and M

Biometrics, Nashville, TN). The number of grains per

area of a certain cell type was determined for 30 cell
groups as the number of overlaying pixels, with a

brightness exceeding a predetermined threshold, as

described by Arckens et al. (1998).

Statistical analysis between the grain counts of

different cell types was carried out by Student’s un-

paired t-test.

3. Results

Each riboprobe was tested on pituitary sections from

six to eight different animals. The expression patterns

were similar for all pituitaries investigated (both ages,

male and female). In agreement with earlier immunocy-

tochemical studies, TSH immunoreactive cells (i.e.

thyrotropes) and POMC immunoreactive cells (i.e.

corticotropes) were confined to the cephalic lobe of

the pituitary. GH immunoreactive cells or somatotropes

were only found in the caudal lobe.

ISH with the antisense TRH-R riboprobe resulted in

a hybridization signal in both lobes of the pars distalis,

with a higher density of silver grains in the caudal lobe.

Combination with an immunocytochemical staining

with anti-TSH and anti-GH antibody, respectively,

clearly demonstrated that in the cephalic lobe TRH-Rs

are expressed by the thyrotropes, while somatotropes

are the main production sites of TRH-R mRNA in the

caudal lobe (Fig. 1A and B). Hybridization with the

sense TRH-R probe resulted in no specific signal (not

shown).

A similar result was obtained after ISH using the

antisense SSTR2 riboprobe: SSTR2 mRNA was mainly

found in the caudal lobe (on somatotropes), while it was

also expressed in the cephalic lobe but not exclusively by

thyrotropes (Fig. 1C and D). Hybridization with the

sense SSTR2 probe resulted in no specific signal (not

shown).

Combination of ISH with the antisense CRH-R1

probe and ICC with the anti-TSH antibody showed that

CRH-R1 mRNA is only expressed in the cephalic lobe.

The signal appeared as clusters of silver grains located in

between thyrotropes, but hardly any signal was detected

on thyrotropic cells (Fig. 1E). When corticotropes were

visualized using the anti-POMC antibody, it was con-

firmed that this cell type expresses CRH-R1 mRNA

massively (Fig. 1F). Hybridization with the sense CRH-

R1 probe resulted in no specific signal (not shown).

The results of the silver grain counts are summarized

in Table 1. Grain density for TRH-R and SSTR2 was

higher on somatotropes compared with thyrotropes. For

CRH-R1, a high grain density was found on cortico-

tropes, but almost no grains were overlaying thyro-

tropes. Comparison of silver grain density is only

possible between different cell types treated with the

same probe. Comparison between the different ribop-

robes is not allowed because of possible differences in

labelling and/or hybridization efficiency.
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Fig. 1. Results of combined ISH and ICC on chicken anterior pituitaries. (A, B) ISH with the TRH-R antisense riboprobe, combined with

immunocytochemical staining of either thyrotropes (A) or somatotropes (B). (C, D) ISH with the SSTR2 antisense probe, combined with

immunocytochemical staining of either thyrotropes (C) or somatotropes (D). (E, F) ISH with the CRH-R1 antisense probe, combined with

immunocytochemical staining of either thyrotropes (E) or corticotropes (F). Scale bars represent 0.05 mm.
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4. Discussion

Our data show that chicken thyrotropes express the

mRNAs for both TRH-R and SSTR2, but not for

CRH-R1.

The overall distribution of TRH-R mRNA in the

chicken anterior pituitary appears to be comparable

with earlier autoradiographically localized TRH binding

sites. Thompson et al. (1981) were the first to detect

TRH binding sites in the chicken anterior pituitary using

the ligand [3H]Me-TRH. Using the same ligand, Harvey

and Baidwan (1989) studied TRH binding in the

cephalic and caudal lobe of the pars distalis. They

assumed that the TRH binding sites in the cephalic lobe

are located on thyrotropes, whereas the more numerous

binding sites in the caudal lobes are located on somato-

tropes, since TRH is also a potent inducer of GH

secretion in the chicken (Harvey et al., 1978; Harvey and

Scanes, 1984; Harvey et al., 1991). This hypothesis is

confirmed by our experiments. Since we found that both

thyrotropes and somatotropes express TRH-R mRNA,

the TSH- and GH-releasing ability of TRH in the

chicken is likely to be the result of a direct neuroendo-

crine effect on thyrotropes and somatotropes, respec-

tively, as has been suggested for mammalian species

such as the rat (Konaka et al., 1997; Yu et al., 1998).

In the pituitary gland of humans and rats, the

majority of GH cells and some TSH cells also express

SSTR2 (Mezey et al., 1998; Kimura et al., 2001). [125I-

Tyr1]-SRIH binding sites have been demonstrated on

crude plasma membrane preparations of chicken pitui-

tary glands (Harvey et al., 1990; Geris et al., 2000). The

number and affinity of these binding sites in the caudal

lobe were similar to those in the cephalic lobe. In

agreement with these studies and with RT-PCR analyses

performed by Bossis and Porter (2001), we also find that

SSTR2 mRNA is expressed in both lobes of the chicken

anterior pituitary. Although other SSTR subtypes, such

as SSTR5, also may be involved, the presence of SSTR2

in thyrotropes suggests that SRIH can directly affect

TSH synthesis and/or secretion. In addition, direct

actions on the thyroid gland, as proposed by Lam et

al. (1986a,b), may also play a role.

To our knowledge, no literature is available on CRH-

R expression in the chicken pituitary. In this study, we
clearly show that the chicken CRH-R1 is abundantly

expressed by corticotropes in the cephalic lobe of the

anterior pituitary, reflecting its function as inducer of

chicken corticotropin (ACTH; Carsia et al., 1986).

CRH, whose biological activity was originally thought

to be restricted to the adrenal axis, also acts as a potent

stimulator of TSH release in embryonic, growing and

adult chickens (Geris et al., 1995, 1996, 1999). Although
these studies showed that CRH works at the level of the

pituitary, we detected no or little CRH-R1 mRNA

signal on thyrotropic cells, discarding a direct effect of

CRH on these cells mediated through CRH-R1. There-

fore, the possibility of indirect actions mediated by

paracrine interactions between corticotropes and thyro-

tropes has to be considered. An indirect pathway of

CRH through its ACTH-releasing activity is unlikely,
since porcine ACTH had no effect on the in vitro TSH

secretion by the chicken pituitary (Geris et al., 1996).

However, a variety of other candidates are released by

chicken corticotropes. Since birds lack a distinct inter-

mediate lobe and corticotropes produce both ACTH

and a-melanotropin (Hayashi and Imai, 1991; Gerets et

al., 2000), it is possible that POMC-derived products

other than ACTH are released by the corticotropes and
act as paracrine factors mediating CRH-induced TSH

release. Cloning of chicken POMC cDNA has suggested

that chicken POMC could be processed to give rise to all

members of the melanocortin family (Takeuchi et al.,

1999; Gerets et al., 2000).

On the other hand, we cannot exclude the existence of

other types of CRH binding sites on chicken thyro-

tropes. In mammals, two types of CRH-Rs have been
characterized. CRH-R type 1 or A binds CRH, sauva-

gine and urotensin I with similar affinities (Perrin et al.,

1993) and its mRNA is found in the intermediate lobe

and a subset of cells in the pars distalis of rats and mice

(Van Pett et al., 2000). Another CRH-R subtype, type 2

or B, which exhibits a higher binding affinity for

urotensin I and sauvagine than for CRH, is expressed

in the heart but not in the anterior pituitary of mice and
rats (Lovenberg et al., 1995; Van Pett et al., 2000).

However, Sánchez et al. (1999) found both CRH-R1

and CRH-R2 mRNA in the pars distalis of the rhesus

monkey. A third aberrant CRH-R subtype, which binds

CRH with a 5-fold higher affinity than urotensin I, was

found in the pituitary gland, urophysis and brain of the

catfish Ameiurus nebulosus (Arai et al., 2001). So far,

only one chicken CRH-R cDNA has been cloned and its
encoded protein shows 87�/88% homology with the

mammalian CRH-R type 1, although its ligand-binding

properties are similar to the CRH-R type 2 (Yu et al.,

1996). It is therefore highly probable that the chicken

Table 1

Quantification of silver grains (ISH signal) over different cell types in

the anterior pituitary of 6-week-old chickens, expressed as pixels per

1000 mm2

Thyrotropes Corticotropes Somatotropes

TRH-R 7.109/0.50 ND 9.409/0.70*

SSTR2 1.829/0.14 ND 3.259/0.18**

CRH-R1 0.309/0.05 8.169/0.41** ND

Values represent mean9/S.E.M. (n�/30). ND: not determined.

* P B/0.01: a significant difference with thyrotropes for a given

receptor (Student’s t -test).

** P B/0.001: a significant difference with thyrotropes for a given

receptor (Student’s t -test).
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pituitary expresses yet unknown types of CRH-Rs,

which might be involved in mediating CRH-induced

TSH secretion.

In conclusion, using a combination of ISH and ICC,
we have shown that chicken thyrotropes express TRH-R

and SSTR2, but not CRH-R1. Therefore, TRH and

SRIH modulation of TSH secretion is likely to be the

result of a direct neuroendocrine interaction with the

thyrotropic cells, whereas CRH-induced TSH release

could be mediated by a POMC-derived paracrine factor

or by a yet unknown type of chicken CRH-R.
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